I. INTRODUCTION
THE BREAKDOWN voltage of a planar p-n junction, either on silicon or SiC, is strongly dependent on the curvature at the edges and corners of the junction [1] - [3] . As a result, a concise analytical model to account for the geometry effects of the p-n junctions on breakdown voltage, peak electric field and maximum depletion layer width is important. Such a model can also help device designers to select a reasonable edge termination structure and fabrication process.
Baliga and Ghandhi have provided an analytical solution to calculate the breakdown voltage of a planar silicon p-n junction by applying cylindrical or spherical abrupt-junction approximations to the curved portion of the junction [4] . The results have been shown to be similar to the computer-simulated values obtained by Sze and Gibbons [5] . However, more extensive experimental and numerical results [6] - [9] demonstrated that the application of the simple geometry based model is insufficient in many practical situations because the curved junction always sustains a breakdown voltage higher than that of a spherical junction but lower than that of a cylindrical junction. In this situation, the distribution of the electric field in a planar junction is governed by the combined effects of the cylindrical and sphere curvatures in the form of a three-dimensional 3-D curvature, thus, the p-n junction is also named the 3-D p-n junction.
The effects of 3-D curvature on junction breakdown have also been studied by a number of numerical simulations and analytical models [8] - [11] . While numerical simulation gives results that agree well with experimental data, it is a very time-consuming process and does not provide physical insight into the effect of 3-D curvature in the breakdown phenomenon. Some physics-based analytical models provided have been providing physical insight to the breakdown mechanism. However, a number of refinements are required in these analytical models due to a number of assumptions made in the derivation. First of all, the main assumption that the peak electric field at breakdown is independent of the background doping concentration is incorrect [4] , [10] , [11] . It has been demonstrated both experimentally and theoretically that the peak electric field increases with the increasing background doping concentration [5] , [12] - [14] . Secondly, all of those analytical models require the evaluation of the ionization coefficient integral from the metallurgical junction edge to infinity. This condition is invalid for a curved-abrupt junction.
In this brief, a semi-empirical method called the equivalent junction technique [14] is applied to the curved-abrupt junctions to obtain an analytical expression for the breakdown characteristics. Based on this technique, the effects of curvatures and the background doping concentration on the breakdown voltage, peak field and maximum depletion layer width at breakdown are studied in details.
II. THEORETICAL ANALYSIS
The general forms of the peak electric field and voltage in the 3-Dabrupt p-n junction can be derived from Gauss law for r r j [10] 
where " and " 0 are the dielectric permittivity of silicon and free space. rj , r d , and Rm represent the metallurgical junction depth, the radius of the depletion layer outer boundary, and the lateral radius of the curved-abrupt p-n junctions, respectively. Equation (1) is reduced to the electric field expression in a cylindrical junction for s = 1 and spherical junction for s = 2, corresponding to the cases with R m equals to infinity and zero. The interpretation of the equivalent junction method is the replacement of the curved junction with a simpler approximated junction that 0018-9383/02$17.00 © 2002 IEEE significantly simplifies the original electrical field and electrostatic potential patterns [14] , [15] . In this study, a parallel-plane abrupt junction with equivalent background doping concentration N eq and maximum depletion layer width Weq at breakdown is used to characterize or approximate the curved-abrupt p-n junction.
In order to calculate N eq , we assume the following three conditions in the junction transformation in order to maintain the original breakdown characteristics.
1) The original and equivalent junctions are both in the avalanche breakdown-state.
2) The net charge in the depletion region at breakdown is conserved.
3) The voltage sustained by both junctions is conserved at breakdown. Condition (2) Thus, r d could easily be calculated by solving (4) and (5), providing W eq or N eq is known.
Based on condition (1), the maximum depletion layer width of the equivalent abrupt junction at breakdown depends on the background doping concentration, and can be expressed as [4] W eq = 2:67 1 10 10 N 07=8 eq : (6) Solving the groups of (4) and (5) together with (6), r d can be directly calculated for a given NB, Rm and rj. In fact, substitution of (4) and (6) From Fig. 1 , a good agreement between the numerical simulation and proposed analytical model is observed. The figure also indicates that R m has a significant impact on the breakdown behavior that limits the breakdown voltage of the abrupt-curved p-n junctions to a certain value below that of a cylindrical junction but above that of a spherical Fig. 2(a) and (b), we note that the analytical peak electrical field decreases with decreasing of the substrate doping concentration even if for the same R m and r j . This prediction is consistent with previously reported experimental and simulation results [5] , [12] - [14] . Thus, some previous assumptions used to derive the analytical expression for curved-junction breakdown [4] , [10] , [11] (such as the peak-electric field of the curved-junctions is only dependent on the radius of curvature of the metallurgical junction) are invalid. In fact, the peak field of all curved junction should be determined by the recombination of the lateral curvature, the curvature of the metallurgical junction and background doping concentration, which are all independent variables. It is also observed from Fig. 2 that the analytical peak electric field of the curved-abrupt junction slightly decreases with an increase of the normalized lateral radius of curvature for two substrate doping concentrations. This observation can be explained using the expansion of the depletion layer width due to an increase of lateral curvature of radius, R m , as shown in Fig. 3 . Fig. 2 also indicates that the peak electric field of the curved-abrupt junction only changes slightly with N B , R m , and/or r j . This is due to the strong dependent of the impact ionization coefficient on the electrical field. In all cases, E M varies by less than a factor of 3 from r j = 0:1 m to r j = 100 m. However, the small variation of the peak electrical field also implies a large variation in breakdown voltage, especially for small r j s. Similar effect is observed when the background doping concentration is varied. Thus, the slight variation in the amplitude of the peak electrical field with NB and rj cannot be neglected in calculation of the breakdown voltage.
In conjunction with computing the breakdown voltage and peak electrical field, it is also important to obtain the maximum depletion layer width at breakdown. This parameter is usually included in the minimum junction capacitance terms to calculate the maximum cut frequency of varactor diodes and the switching speed of power devices. The maximum depletion layer width (W d ) at breakdown can be found from the resultant r d 0 rj. The calculated depletion layer widths at breakdown as a function of r j for different lateral radius of curvatures with identical background doping concentration are shown in Fig. 3 . The numerical result of the cylindrical junction obtained by Sze [5] is also plotted in this figure by dash curve for comparison.
As shown in Fig. 3 , the maximum depletion layer width of a curved-abrupt junction at breakdown is significantly increased by increasing the junction depth, but only slightly increased by increasing the lateral curvature. This is in agreement with the reported experimental and numerical simulation results [5] , [12] - [14] . The results and comparison with that of the cylindrical junction from [5] . from the new model eliminate the discrepancy in some previously proposed analytical models [4] , [10] , [11] , which predict the depletion layer width at breakdown to extend from rj to infinity. Physically, the maximum depletion layer width of the curved junction at breakdown has to be finite, as shown in [5] , or else, the breakdown voltage will become that of a plane-parallel junction with the same substrate doping concentration. In real practice, the maximum depletion layer width of the abrupt-curved junction including 3-D effect is always slightly less than that of the cylindrical junction, which only includes two-dimensional (2-D) effect even both is reasonably close to each other, as shown in Fig. 3 even if a large lateral curvature of radius R m . Thus, the 3-D curved junction breakdown voltage is always less than that of the corresponding 2-D cylindrical junction. However, one can expect from Fig. 3 that the maximum depletion layer width of the 3-D curved junction will approach that of the 2-D cylindrical junction if lateral curvature of radius Rm tends to infinite. In this case, the 3-D curved junction, in fact, becomes one 2-D cylindrical junction theoretically, as shown in (1)-(3) and thus, its breakdown voltage also reaches that of the cylindrical junction.
IV. CONCLUSION
In summary, the breakdown characteristics of the 3-D abrupt p-n junctions are modeled by an equivalent-junction method. The effects of 3-D lateral curvature, the metallurgical junction depth, and background doping concentration on the breakdown properties, including breakdown voltage, peak electric field, and depletion layer width at breakdown, are examined in detail. The analytical model developed in this work provides a simple and concise mean for device designers to estimate the maximum breakdown voltage, peak electric field, and the maximum depletion layer width for a given substrate doping concentration, junction depth, and the lateral radius of a planar junction. It is helpful to determine an optimal edge termination structure to achieve the required breakdown behavior.
